This paper presents a dynamic simulator of the electromechanical coupling start-up of a ball mill. The electromechanical coupling model based on the dynamic model of the ball mill, the characteristic equation of the clutch, and the dynamic model of the induction motor is established. Comparison between the simulation results of angular speed, load torque and current obtained from the model, and the experimental results is conducted to validate the correctness of these simulation results. Results show that the simulation results of the electromechanical model are highly consistent with the experimental results. Two indexes are proposed for evaluation. Finally, a 4500 kW ball mill is used to analyse the start-up process with different operation parameters of the air clutch. The effect of the engagement time and the pressure of the air clutch on the torque, current, and shock extent is analysed. Moreover, the optimum inflation time is determined.
Introduction
Ball mill is an important equipment in the field of mineral size reduction. Unlike semiautogenous (SAG) mills that operate with adjustable frequency drives, the ball mills work at a fixed speed [1] . Current research mainly focuses on the power draw model. However, the shutdown maintenance and the component consumption caused by the failure of the clutch friction disc wear and motor overheating, which increase the operating costs, are also important research topics. Therefore, the mill should be studied from the perspective of electromechanical coupling rather than only considering the mechanical system of barrel material. Castro and Valenzuela [2, 3] studied the electromechanical coupling model of a SAG mill. The simulation results were compared with the field record data during start-up and shutdown of the SAG mill. Guerrero and Pontt [4] investigated the oscillatory torque caused by dead time in the current control of a high-power gearless mill drive. Szolc et al. [5] examined the interaction of the electromechanical coupling of an asynchronous motor drive system. Laylabadi and Symonds [6] analysed the control system of an 18 MW ball mill drive system.
The establishment and validation of the tumbling mill models have been widely conducted. Morrell [7] set up a power draw model of SAG mill that considers the slurry phase. Zolghadri et al. [8] developed a novel theory of breakage function. The method is considered for energy in comminution modelling of specific breakage energy. Salazar et al. [9, 10] established a dynamic model of SAG mill based on feed and discharge and the model predictive control method. Djordjevic et al. [11] used a prototype to study the law of particle breakage and energy distribution in the mill. A Φ600 mm tumbling mill prototype was used to verify the DEM model in [12] . Therefore, the ball mill model is typically verified with a reduced proportion of prototypes.
The drive motor of the large ball mill is usually required to start with a reduced-voltage method [13] . Therefore, the large ball mill usually uses air clutch to assist start-up. During the start-up process, the motor is started up to the rated speed. Then, the ball mill is started through the engagement of the clutch. This study focuses on the dynamic behaviours of a ball mill and the dynamic characteristics of the induction motor. The electromechanical coupling model is established, and simulation of a 4500 kW ball mill during start-up is conducted. Figure 1 shows a ball mill driveline. The main shaft of the drive motor is connected to the driving disc of the air clutch. The driven disc of the air clutch is connected to the pinion shaft. 1 is the moment of inertia of the motor rotor and clutch driving disc. 2 is the equivalent moment of inertia of the pinion shaft. is the reduction ratio. is the moment of inertia of the rotary sections and materials of the ball mill. According to Figure 1 , the dynamic model of the ball mill is
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where is the rotation resistance coefficient of the drive motor, is the friction torque, and the rotation direction of the ball mill is determined by the sign function sign( ).
When the rotational speeds of the clutch are synchronised, i.e., = , the clutch no longer slips. The dynamic model can be written as follows:
The large ball mill commonly uses a double-row heavyduty air clutch. The pressure of the friction surface is determined by the structure of the clutch. For the radial air clutch, the radial pressure generated by the compressed air can be calculated by the following formula:
where is the minimum radius of the air tube, is the width of the air tube, min is the minimum working pressure, and 1 is the initial pressure. After the air tube is inflated, it expands in the radial direction and overcomes the force of the return spring. As a result, the friction plate can hold the hub. Therefore, the pressing force is
where is the force of the return spring, is the sum of the radial pressure generated by the compressed air through the air tube, and is the sum of the centrifugal forces generated by all the parts that undergo radial displacement during operation of the clutch. Figure 2 shows the curve of the pressure versus inflation time in accordance with the mechanical design manual. In 0-0.528 , the airspeed in the air tube is the speed of sound, and the inflator flow of the tire is constant. When the time exceeds 0.528 , the pressure difference between the air tube and air tank decreases, thereby decreasing the airspeed to the subsonic. The time constant can be calculated as follows:
where is the container volume, s is the effective crosssectional area of the inflation valve, 2 is the isentropic exponent, and 2 =1.3 for air.
The clutch inflation time is generally around 10 s, and the maximum friction torque of the clutch is generally greater than the maximum load torque of the ball mill. Therefore, this study assumes that the air pressure characteristics of the clutch are as follows:
where is a constant related to the inflation speed and is the air tank pressure.
The time from the start of the inflation to the contact (but not sliding) of the driving and driven discs is generally less than 3 s. The inflation time is usually from 6 s to 12 s. The relationship between clutch friction torque and pressing force can be expressed as
where 1 is the coefficient of frictional torque and is the surface area of friction.
The radius and angle position of the mill charge centre of mass is commonly used for the ball mill dynamic model during start-up. This model considers that the mill load maintains its resting shape and that the mill is lifted to a certain angle depending on the mill speed and existing operating conditions during its rotation [3] .
As shown in Figure 3 , the mill torque is obtained as
where M is the mass of charge in the barrel, is the distance between mill centre and the centroid of the charge, and is the deflection angle of the mill [14] .
Modelling of the Induction Motor.
The equation of state is established in Parker's synchronous coordinate system. When the rotor is a cage-type winding, an internal short circuit exists. The flux equation can be expressed as The rotor current equation can be expressed as
The torque equation can be expressed as follows:
According to formulas (9), (10), and (11), the state equation of the induction motor can be obtained as follows:
where is the number of pole pairs, the electromagnetic time constant of the rotor is = / , =1-2 /(L L ) is the leakage coefficient of the motor.
From the dynamic equation (12) , the input of the electromechanical system of the ball mill is two phase stator voltage, supply frequency, and load torque. 
Evaluation Index of the Ball Mill Start-Up Process.
The evaluation of the start-up process of the ball mill aims to ensure successful start-up without the drive or clutch protection device that causes the mill to stop. Considering this condition, the start-up process is made as short as possible to reduce friction disc wear and heat generation. Therefore, the quantitative evaluation indexes of the start-up process of the ball mill can be set as the shock extent and motor protection to avoid vibration damage and tripping of the power.
(1) Shock Extent. During start-up of the ball mill, if the clutch engagement time is too fast, then the impact will cause damage to the drive motor and the conventional system. The shock extent can be expressed as the rate of change in the spindle angular acceleration [15] , which is
(2) Motor Protection. Too fast clutch engagement may cause the motor to the locked rotor and the relay to act. Therefore, during start-up, the drive motor should not be locked rotor and no overcurrent protection should be triggered. The current limit must be set in accordance with the motor parameters.
Results and Discussion
The simulation is based on a large ball mill with the parameters shown in Table 1 . The motor that matches the ball mill is a 4500 kW induction motor with the parameters shown in Table 2 . The parameters of the matching air clutch are shown in Table 3 .
Optimum Inflation Time of the Air Clutch.
The inflation time range of the air clutch is generally from 6 s to 12 s. In accordance with the actual situation, this section sets the inflation time ( ) of the air clutch to =6 s, =7 s, =8 s, =9 s, and =10 s. The maximum friction torque is 100% of the maximum friction torque of the air clutch. Consistent with the actual start-up procedure, the results are plotted from the moment the clutch starts to engage for ease of analysis. Figure 4 shows the speed comparison of the start-up process for different inflation times. Figure 4 (a) shows the speed curve when the inflation time is 8 s. As the rotational speed of the driven disc increases, the motor speed decreases. After the speeds of the driving disc and the driven disc are synchronized, the ball mill accelerates to the working speed. Because the mechanical characteristics of the large induction motor are hard, the amplitude of the speed decrease is small. Figure 4 (b) shows the comparison of the angular velocity of the driven disc. The start-up time increases along with the increase in the inflation time. When =6 s, the start-up time is 5.6 s and the engagement time is 5.2 s. When =7 s, the startup time is 6.2 s and the engagement time is 5.9 s. When =8 s, the start-up time is 7.0 s and the sliding friction time is 6.7 s. When =9 s, the start-up time is 7.9 s and the engagement time is 7.6 s. When =10 s, the start-up time is 8.8 s and the engagement time is 8.5 s. In general, as the inflation time decreases, the friction time of the driving and driven discs increases and the start-up time of the ball mill is slightly shorter than the inflation time. In the five cases, the ball mill barrel begins to rotate at approximately 1 s and the speed gradually increases. As the materials are lifted, the load torque gradually increases. The friction torque of the clutch is less than the load torque, and the rotational speed of the barrel decreases. The smaller the friction torque, the more the speed drops. As the magnitudes of the friction torque increase, the rotational speed increases again. The rotational speeds have been increased until the speeds of the driving and driven discs are the same for =6 s, =7 s, and =8 s, respectively. The magnitudes of the rotational speeds fall again after the second increase ( =9 s and =10 s). As the friction torque increases, the rotational speed increases again, which ends the friction process. Figure 5 is the angle curve of the barrel. As shown in the picture, for all 5 inflation time, the angle of barrel increases steadily. Before the barrel was rotated by 90 ∘ , the rotation angle in the 5 inflation times shows changes in the growth rate. This law is consistent with the change law of the angular speeds in Figure 4 and is related to the torque. Figure 6 shows the change in electromagnetic torque with the variation in inflation times. All the magnitudes of the electromagnetic torque increase as the friction torque increases during the friction process, and these magnitudes decrease as the load torque of the motor decreases when the rotational speeds of the driving and driven discs are synchronised. At =6 s, =7 s, and =8 s, the electromagnetic torque is less than the load torque of the ball mill during the friction process. This variation is shown in Figure 7 . This condition corresponds to the decrease in the rotational speed in Figure 4 . Similarly, the electromagnetic torque is two times less than the load at =9 s and =10 s. Therefore, the rising rate of the electromagnetic torque is positively correlated with the inflation time. Moreover, the electromagnetic torque at =6 s is slightly larger than that at the other conditions. Figure 7 shows the curve of the theoretical friction torque of the clutch and the load torque of the ball mill. As the model of the mechanical system, the theoretical friction torque and the load torque are determined according to (7) and (8), respectively. For each of the 5 inflation times, the friction torque is less than the load torque of the ball mill for several times during the clutch engagement. This is shown in Figure 4 and Figure 5 as the decrease in angular speed and the increase in the deceleration of rotation angle. However, because the angular speed does not drop to 0 and the barrel does not reverse, the ball mill is successfully start-up. The variation of electromagnetic torque can also be observed from Figure 6 . The electromagnetic torque changes based on the load torque of the motor. At the beginning of the air clutch engagement, the load torque of the motor is equal to the friction torque. When the friction torque is greater than the initial load torque (the static friction torque and the inertia torque), the driven disc beginning accelerates. When the friction torque is less than the load torque of the ball mill, the angular speed of the driven disc decreases. After the speeds of the driving disc and the driven disc are synchronized, the load torque of the motor is equal to the load torque of the ball mill. Although the theoretical friction torque still increases, as shown by the solid line in the Figure 7 , the friction torque that the air clutch transmission is equal to the load torque of the ball mill. In addition, with the rotational speed and angle of the barrel increase, the material begins to cascade and fall, which causes the load torque of the ball mill decrease. Therefore, after the speeds of the driving and driven disc synchronized, the friction torque rapidly drops with the decrease of the load torque. In Figure 6 , the data shows that the electromagnetic torque is linear increased at the beginning and then decreases. Figure 8 shows the line current amplitude during the ball mill start-up. The currents which consist with the change in the electromagnetic torque in Figure 6 are gradually increased from the no-load current to the maximum value, dropped and stabilised at working current. The working The maximum values of the phase current at =6 s, =7 s, =8 s, =9 s, and =10 s are 572.6, 555.4, 552.5, 557.7, and 557.4 A, respectively. Therefore, the suitable inflation time is from 7 s to 10 s. Figure 9 shows the curve of the shock extent. The shock extent is significant only in the friction process because the difference in the speeds of the driving and driven discs leads to impact. Thus, the peaks in the synchronous process can only reflect the value of acceleration. In general, the maximum peak of the shock extent decreases as the inflation time increases. The number of peaks increases as the start-up time increases. At =6 s, =7 s, and =8 s, three peaks are observed during the mill start-up. Four peaks are observed at =9 s and =10 s. The maximum values of shock extent are 70.4 ( =6 s), 60.3 ( =7 s), 52.8 ( =8 s), 46.9 ( =9 s), and 42.2 rad/s 3 ( =10 s). The optimal inflation time should be between 8 s and 9 s with the presence of shock extent.
The simulation results show that =8 s is appropriate for the ball mill. It not only ensures the success rate of the startup but also will not cause great impact and shock on the drive motor, the transmission system, and the mill.
Inappropriate Inflation Time of the Air Clutch
(1) Too Short Inflation Time. =3 s and =4 s are used in this simulation. Figure 10 shows the angular speed curves during the start-up process. In general, the motor can drive the ball mill to start. When =3 s, the clutch reaches the synchronous process and working speeds at 2.5 and 2.9 s, respectively. When =4 s, the clutch reaches the synchronous and working speeds at 3.6 and 3.9 s, respectively. Figure 11 shows the curve of the rotation angle of the barrel. The ball mill is successfully start-up in both inflation time. For =3 s, the rotation angle increases smoothly. For =4 s, the increase in rotation angle becomes slower at 2.8 s because of the angular speed decrease. After the clutch is synchronized, the rotation angle constant increases in the working speed. Figure 12 shows the curve of the electromagnetic torque versus time. The electromagnetic torque increases with the increase in the theoretical friction torque of the clutch. The mill starts to rotate at 0.5 s. After the synchronisation of the driving and driven discs, the electromagnetic torque decreases to equal to the load torque. Figure 13 shows the curves of the theoretical friction torque and the load torque. The theoretical torque increases linearly from 0, and then reaches its maximum at the end of inflation time. For =3 s, the theoretical friction torque is always greater than the load torque. Therefore, the angular speed of the driven disc does not decrease in Figure 10 . For =4 s, the theoretical friction torque is less than the load torque once. This is corresponding to the decrease in the angular speed of the driven disc and the reduction of the rotation angle growth rate in Figures 10 and 11 , respectively. Load Torque, t i =4s
Friction Torque, t i =3s
Friction Torque, t i =4s Figure 13 : The theoretical friction torque and the load torque of the too short inflation time. Figure 14 shows the curve of the current amplitude during the start-up process. The maximum currents are 549.3 A ( =3 s) and 588.4 A ( =4 s). For =4 s, the maximum current is 1.6 times more than the operating current. Although the peak is much smaller than the current during the motor start-up, it is still greater than =7-8 s. Figure 15 shows the curve of the shock extent. The peak of the shock extent during the friction process is 141 rad/s 3 ( =3 s). The shock extent reaches its peak for 1 s and afterward drops. The first peak of the shock extent for =4 s is 105.7
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(2) Too Long Inflation Time. =12 s, =15 s, and =18 s are used to simulate too long inflation time. Figure 16 shows the angular speed curves of the driven disc. The result of =12 s is same as that of =10 s. In particular, the speed curve has two fluctuations in the friction process. When =15 s and =18 s, the curve has three fluctuations. The duration of the friction process increases with the increase in the inflation time (9.8 s at =12 s, 12.3 s at =15 s and 14.4 s at =18 s). The start-up of the ball mill is close to 20 s. Figure 17 shows the curve of the barrel rotation angle when the inflation time is too long. The rotation angle growth rate is consistent with the variation of the angular speed. For the three inflation time, although the angular speed was very small at 4.2 s, the barrel did not reverse. Therefore, the ball mill can be start-up successfully. Also, in the clutch engagement, the longer the inflation time the slower the increase in the angle of the barrel. After the speeds of the air clutch are synchronized, the acceleration is constant that the rotational speed was reached the working speed. Figure 18 shows the curve of the theoretical friction torque and the load torque. For =12 s, the theoretical friction torque is less than the load torque twice in the friction process, which is the same with the variation of the angular speed. For =15 s and 18 s, the theoretical friction torque is less than the load torque for three times in the friction process. After the angular speeds synchronized, the actual friction torque is equal to the load torque, and decrease to the rated working torque of the ball mill. This variation is shown in Figure 18 as the process of current decrease. Figure 19 shows the curves of the current versus time. The peaks of the current are 540 A ( =12 s), 541 A ( =15 s), and 527.7 A ( =18 s). Too slow clutch engagement increases the duration of the peak of the current. Moreover, the peak currents of three are similar. All the maximum currents of three are smaller than the maximum friction torque. Therefore, the extreme load of the drive motor does not change considerably as the clutch engagement slows down. The slower the engagement is, the longer the duration of the high current continues. In the meantime, the pressure on the grid and the drive motor increases. Thus, this condition should be avoided. Figure 20 shows the shock extent. When =12 s, the duration is 6.8 s and the peak is 35.2 rad/s 3 . When =15 s, the duration is 8.1 s and the peak is 28.2 rad/s 3 . When =18 s, the duration is 10.1 s and the peak is 23.5 rad/s 3 . Compared with those in =7-8 s, the amplitude is reduced by half, but the duration is doubled, which is inappropriate.
The results of this section show that the inflation time significantly affects the heat generation of the friction discs and the duration of the current. The change in the operation parameters of the clutch should be strictly avoided after the optimal inflation time of the air clutch is determined.
Change in Air
Pressure. This section assumes that the pressure of the air tank has changed. Therefore, the maximum friction torque ( max ) of the clutch decreases or increases. The settings used are as follows: =7 s and =80% max , = max , =120% max , =160% max , and =200% max . Figure 21 shows the curve of the angular speed of the five conditions. The ball mill can successfully start even under air pressure loss ( =80% max ). In the meantime, the duration of the high current and friction process increases. In addition, if <80% max , then the ball mill will fail to start. The greater the friction torque at constant , the faster the clutch engagement and the smaller the fluctuation of speed. The speed has two fluctuations at =80% max . The others only have one fluctuation. The fluctuation decreases with the increase in the friction torque. Figure 22 shows the rotation angle curve of the ball mill start-up with different air pressures of the air clutch. The increasing rate of the rotation angle corresponds to the change in the angular speed. For the five , although the angular speeds are all decreased during the mill startup, the barrel is not reversed. Therefore, the ball mill can be successfully started under the five working conditions. Moreover, the smaller the air pressure is, the slower the rotation angle increasing rate will be. Figure 23 shows the curve of the theoretical friction torque and the load torque. When the inflation time is constant, increasing the air pressure is equivalent to increasing the inflation speed. For =80% max , the number of times which the theoretical friction torque is less than the load torque is more than other conditions, and the duration is longer. This results in a greater fluctuation in the angular speed, as shown in Figure 21 . It is also reflected in the increase in the duration of the shock extent in Figure 25 . Therefore, the air pressure loss must be avoided. Figure 24 shows the electromagnetic torque during the start-up process. The friction torque of the clutch is sufficiently large. Thus, the increase in cannot affect the peak of the electromagnetic torque. The electromagnetic torque does not reach the friction torque during the friction process. Therefore, the increase in the air pressure corresponds to the decrease in the inflation time. Figure 25 shows the shock extent of the five conditions. As max decreases, the amplitude of the shock extent decreases and the duration increases. When =80% max , the peak of the shock extent is similar to = max . Therefore, the air pressure should be constant after the clutch parameter is determined.
Conclusion
In this study, the electromechanical coupling dynamic model of a single-motor edge-driven ball mill is established. Then, the start-up process of a large-scale ball mill is simulated. The electromechanical performance of the ball mill is evaluated in terms of the shock extent and current. The conclusions based on the observations, calculations, and analyses are as follows. Changes in the parameters of the air clutch can cause the changes in the clutch engagement. In the friction process, the angular speed of the driven disc may decrease during the increase of the synchronous rotational speed. The reason for the fluctuation can be explained as follows: at this moment, the friction torque that the air clutch can transmit is smaller than the torque generated by the rotation of the ball mill.
However, as long as the barrel does not reverse and the rotation angle keep increasing, the angular speed of the driven disc fluctuation will not cause failure of the ball mill start-up.
The shock extent is too large when is too short, and this condition will damage the air clutch. Although the shock extent decreases with the increase in , the duration of the peak current and the friction time of the clutch increase, which generates a large amount of heat. As a result, the life of the drive motor and the clutch friction disc decrease, and this condition should be avoided.
When the air pressure of the clutch increases, which is similar to the decrease in , the shock extent increases. Although some pressures are lost, the ball mill can still start up (20% in this study). However, the duration of the current will increase. Therefore, the pressure should be monitored. If the pressure is lost, the start-up of the ball mill should be stopped.
Notations
:
The surface area of friction :
The width of the air tube :
The sum of the centrifugal forces :
Reduction ratio
The moment of inertia of motor rotor and clutch driving disc
The moment of inertia of the pinion shaft :
The moment of inertia of the rotary sections and materials of the ball mill : S h o c ke x t e n t 2 : Theisen tropicexponen t :
A constant which is related to the inflation speed : The mass of charge in the barrel :
The pressing force :
The number of pole pairs :
The air tank pressure
The initial pressure j : The radial pressure generated by the compressed air min :
The minimum working pressure :
Thefo rceo ftheret urnsprin g :
The minimum radius of the air tube :
The distance between mill centre and the centroid of the charge :
The rotation resistance coefficient of the drive motor :
The effective cross-sectional area of the inflation valve sign( ): Rotation direction of the ball mill : Inflation time of the air clutch : Frictiontorque : Loadtorque :
The electromagnetic time constant of the rotor :
The electromagnetic torque :
Thea irt ubev o l ume :
The deflection angle of the mill 
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